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ABSTRACT
The black-hole binary V404 Cyg entered the outburst phase in June 2015 after 26 years of
X-ray quiescence, and with its behaviour broke the outburst evolution pattern typical of most
black-hole binaries. We observed the entire outburst with the Swift satellite and performed
time-resolved spectroscopy of its most active phase, obtaining over a thousand spectra with
exposures from tens to hundreds of seconds. All the spectra can be fitted with an absorbed
power law model, which most of the time required the presence of a partial covering. A blue-
shifted iron-Kα line appears in 10% of the spectra together with the signature of high column
densities, and about 20% of the spectra seem to show signatures of reflection. None of the
spectra showed the unambiguous presence of soft disk-blackbody emission, while the observed
bolometric flux exceeded the Eddington value in 3% of the spectra. Our results can be explained
assuming that the inner part of the accretion flow is inflated into a slim disk that both hides
the innermost (and brightest) regions of the flow, and produces a cold, clumpy, high-density
outflow that introduces the high-absorption and fast spectral variability observed. We argue
that the black hole in V404 Cyg might have been accreting erratically or even continuously
at Eddington/Super-Eddington rates – thus sustaining a surrounding slim disk – while being
partly or completely obscured by the inflated disk and its outflow. Hence, the largest flares
produced by the source might not be accretion-driven events, but instead the effects of the
unveiling of the extremely bright source hidden within the system.
Key words: Black hole - binaries: close - X-rays
1 INTRODUCTION
Black hole (BH) X-ray binaries (BHBs) are typically transient sys-
tems, which alternate between relatively short outbursts and long
periods of (X-ray) quiescence. During outbursts most BHBs show
significant luminosity changes from L ∼ 1030−31 erg s−1 in quies-
cence (see Wijnands et al. 2015) to L ∼ 1038−39 erg s−1 or more
in outburst, and display a “hysteresis” behaviour that becomes appar-
ent as q-shaped loops in the so-called Hardness-Intensity diagram
(HID; see e.g., Homan et al. 2001). These cyclic patterns have a
clear and repeatable association with mechanical feedback in the
form of winds and relativistic jets (see Fender et al. 2009 and Ponti
et al. 2012).
The hard state (low-hard state, LHS, see e.g. Belloni & Motta
2016 and references therein, Homan et al. 2001, McClintock &
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Remillard 2006) occupies the right-hand regions of the HID, where
the source X-ray spectrum is dominated by emission from Compton
up-scattering of soft seed photons either produced in a cool geometri-
cally thin accretion disk truncated at large radii, by synchrotron-self-
Compton emission from hot electrons located close to the central
black hole (e.g., Poutanen & Veledina 2014), or by synchrotron
emission from a compact jet (e.g. Markoff 2010). The soft state
(high-soft state, HSS, e.g. Belloni & Motta 2016) corresponds to the
left-hand side of the HID and the emission of the source is typically
dominated by thermal emission from a geometrically thin accretion
disk extending down to the innermost stable circular orbit around
the BH (Shakura & Sunyaev 1973). In between these two states lie
the so-called intermediate states (hard and soft intermediate states,
HIMS and SIMS, respectively), where the energy spectra show the
properties of both the LHS and the HSS evolving smoothly during
the transitions between the LHS and HSS. An iron K-α emission
line at ∼ 6.4 keV is often detected in the hard states, where it is
accompanied by a modest reflection hump (resulting from the non-
thermal emission of a Comptonizing medium reflecting off the disk)
peaking at energies around 30 keV (Reynolds 2014). As BHBs
evolve to the soft states, the intensity of the reflection features (i.e.
line and reflection hump) increases (e.g., Zdziarski et al. 1999; Plant
et al. 2014), with a simultaneous blurring/broadening of the iron
K-α line that – believed to be produced close to the central BH – is
significantly changed by relativistic effects.
1.1 V404 Cygni
V404 Cyg was first identified as an optical nova in 1938 and later as-
sociated with the X-ray transient GS 2023+338, discovered by Ginga
at the beginning of its X-ray outburst in 1989 (Makino et al. 1989).
The 1989 outburst displayed extreme variability and V404 Cyg
became temporarily one of the brightest sources ever observed in
X-rays. Casares et al. (1992) determined the orbital period of the
system (∼6.5 days) and Miller-Jones et al. (2009) determined the
distance to the source through radio parallax (d = 2.39± 0.14 kpc).
Casares et al. (1992) also obtained the first determination of the
system’s mass function (f (M) = 6.26 ± 0.31 M), confirming the
black hole nature of the compact object in V404 Cyg and classifying
it as a low-mass X-ray binary.
V404 Cyg seems to break the typical BHB pattern, showing
a dynamical range spanning more than 3 orders of magnitude in
flux on time-scales as short as a few minutes or even seconds (as
opposed to the typical long time-scale evolution of a standard BHB
in outburst), and spectral variability that almost never resembled that
usually seen in other BHBs. Additionally, the long term variability
of the source is severely affected by heavy absorption (Oosterbroek
et al. 1996, Z˙ycki et al. 1999). Hence, as expected, the V404 Cyg
HID does not seem to show the typical hysteresis loops observed in
other BHBs.
Already during the 1989 outburst the source showed luminosi-
ties exceeding the Eddington limit (e.g. Oosterbroek et al. 1996),
but without showing a canonical disk-dominated HSS (however, see
Z˙ycki et al. 1999, who reported on a short-lived disk-dominated
state). The 1989 outburst was characterized by extreme variability,
possibly partly due to accretion events (somewhat similar to those
seen in GRS 1915+105, see Belloni et al. 1997), but also ascribed
to a heavy and very variable photo-electric local absorption (Ooster-
broek et al. 1996, Z˙ycki et al. 1999). Despite its peculiarity, however,
V404 Cyg was among one of the first sources where the radio-X-ray
correlation typical of accreting systems was found, and it appeared
to be consistent with that shown by well-behaved systems such as
GX 339-4 (e.g., Gallo et al. 2003). It is also noteworthy that the
quiescent X-ray emission of V404 Cyg is characterized by an X-ray
luminosity (Lx ∼ 1034 erg cm−2 s−1) significantly higher than that
of other BHBs in quiescence, and by a well-measured flat radio
spectrum. This led to the establishment of the presence of a compact
steady jet in the quiescence state of the source (Gallo et al. 2005).
On 2015 June 15 18:32 UT (MJD 57188.772), the Swift /BAT
triggered on a bright hard X-ray flare from a source that was soon
recognized to be the BH low mass X-ray binary V404 Cyg back
in outburst after 26 years of quiescence (Barthelmy et al. 2015,
Kuulkers et al. 2015). V404 Cyg reached the outburst peak on June
26 and then began a rapid fading towards X-ray quiescence, that
was reached between 2015 August 5 and August 21 (Sivakoff et al.
2015). Throughout this outburst the source displayed highly variable
multi-wavelength activity (e.g., Rodriguez et al. 2015, Gandhi et al.
2016, Kimura et al. 2016, Bernardini et al. 2016), that was monitored
by the astronomical community through one of the most extensive
observing campaigns ever performed on an X-ray binary outburst
(see Sivakoff et al. 2015, and references therein).
INTEGRAL/IBIS-ISGRI observations of the system during the
June 2015 outburst suggest that the X-ray spectrum of V404 Cyg
is not too different from the spectrum of a standard BHB when the
effects of heavy absorption are accounted for (i.e. at energies above
25 keV; Sa´nchez-Ferna´ndez et al. 2017), even though during the
June 2015 outburst the system most likely never reached a proper
disk-dominated HSS (see also Motta et al. 2017). Thus, it remains
clear that V404 Cyg retains some very peculiar characteristics that
are not typically seen in other BHBs.
Mun˜oz-Darias et al. (2016) reported the detection of clear P-
Cyg profiles in the system’s optical spectra over the entire active
phase, which suggest the presence of a sustained outer accretion disc
wind in V404 Cyg, never observed before at optical wavelengths
in other BHBs. The outflowing wind was neutral, expanded at 1%
of the speed of light and had a large covering fraction. Such an
outflow triggered a nebular phase once accretion sharply dropped
and the ejecta became optically thin. King et al. (2015) also reported
the presence, during the highest flux phases of the outburst, of P-
Cyg profiles associated with the several X-ray lines observed in the
Chandra spectrum of V404 Cyg, consistent with being the effect of
a strong disk wind, likely radiation or thermally driven as the source
approached (or even exceeded) its Eddington limit.
The presence of (ionized and/or neutral) outflows and “en-
velopes” seems to be a characteristic of a number of sources1 accret-
ing matter at a rate comparable with or above the Eddington limit.
An example is the BH X-ray transient V4641 Sgr (Revnivtsev et al.
2002), which in 1999 showed an episode of super-Eddington accre-
tion onto the BH. During the outburst an extended optically thick
envelope/outflow was formed around the source. During this event
V4641 Sgr appeared in many aspects very similar to SS 433 (Margon
1984), known for the presence of obscuring material shielding the
central source from the observer. Another case is represented by the
BHB GRO J1655-40, which during both the outbursts observed by
RXTE in 1995 and 2005 entered the so-called Ultra-luminous state
(see Motta et al. 2012), when high luminosity flares were accompa-
nied by slight increments in the local column density (e.g. Kalemci
et al. 2016). Later on GRO J1655-40 entered a so-called “hyper-soft”
1 Note, however, that the well-known super-Eddington accretor GRS
1915+105 does not show any trace of high-column density en-
velopes/outflows, while it does show ionized winds (Neilsen & Lee 2009).
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Figure 1. Examples of different models to illustrate the spectral variability
encountered. The spectral continuum used in this figure is a Compton spec-
trum (COMPPS), adopted to show the high-energy behaviour of the spectra
(not seen in Swift data). The magenta dashed lines delimit the Swift energy
range. For all the spectra we set the electron temperature to 60 keV and seed
photon temperature to 0.1 keV and we varied the properties of the absorber
and of the reflector. Black line: Compton spectrum modified by interstellar
absorption only. Orange line: Compton spectrum modified by interstellar
absorption and a partially (85%) covering absorber (NH = 1024 cm−2).
Blue line: Compton spectrum modified by interstellar absorption and by
a homogeneous (100%) covering absorber (NH = 1024 cm−2). Red line:
Compton spectrum convolved with a reflection component (reflection frac-
tion = 10), and modified by interstellar absorption. From the figure it is
clear that it might be challenging to distinguish between a partially-covered
absorbed spectrum and a reflected spectrum. A colour version of this Figure
is available on-line.
state (Uttley & Klein-Wolt 2015) during which it showed signatures
of variable absorption and scattering due to a Compton-thick, fully
ionized disk wind (see also Neilsen et al. 2016 and Shidatsu et al.
2016).
Here we report the results of a detailed study of the soft X-
ray spectra of V404 Cyg as observed by Swift/XRT, during the
most active phase of the June 2015 outburst. Such a phase roughly
corresponds to the first two weeks of activity after the outburst start,
when V404 Cyg showed intense flaring alternating with phases of
very low flux, low variability emission. We focus in particular on
the variations of the spectral properties induced by the presence
of a variable neutral absorber produced by the source itself (see
Motta et al. 2017) in the inner regions of the accretion flow, where
most of the X-ray emission arises from. Results from the analysis of
INTEGRAL/IBIS-ISGRI data and from a small INTEGRAL/JEM-X,
INTEGRAL/IBIS-ISGRI and Swift/XRT simultaneous dataset have
been reported by Sa´nchez-Ferna´ndez et al. (2017) and Motta et al.
(2017), respectively.
2 OBSERVATIONS AND DATA ANALYSIS
After the initial Swift /BAT trigger on 2015 June 15 (MJD 57188)
Swift /XRT provided a total of 95 observations of V404 Cyg (often
more than one per day), each containing one or more snapshots2 of
2 An observation is a collection of consecutive snapshots of a single target
that does not generally span more than one day, while a snapshot is an
unbroken pointing in a given direction.
variable duration, from the start of the outburst all the way down
to quiescence. The overall Swift /XRT exposure time was 171 ks
from observations normally formed by a number of snapshots, taken
in both Windowed Timing (WT) mode and Photon Counting (PC)
mode (Burrows et al. 2005). The WT mode provides 1-dimensional
imaging with a 1.7 milli-second time resolution, and allows bright
sources to be observed without being affected by pile-up (up to
relatively high count rates). The PC mode, instead, provides 2-
dimensional imaging with a 2.5 second time resolution, and allows
sources to be observed with count rates up to 1 counts s−1. Both
the WT and PC modes provide data in the 0.3–10.0 keV energy
band.
In this paper we focus on the most active phase of the source,
which occurred during the first two weeks of the outburst. Thus
we only considered observations performed in WT mode (see Ta-
ble 1 and Fig. 2), where the count rate in the source region is
> 1 counts s−1 (and often hundreds of counts s−1), which allowed
us to obtain good S/N spectra.
Beardmore et al. (2015) reported the discovery of a variable
X-ray dust scattering halo peaking at 1–2 keV in the Swift/XRT
data (first seen on MJD 57192). The halo was bright enough to
completely dominate the overall X-ray emission in the V404 Cyg
field when the source was decaying to quiescence (Vasilopoulos
& Petropoulou 2016; Heinz et al. 2016), but was present and at
times dominant during a large fraction of the most active phase
of the outburst (Beardmore et al. 2016). For this reason, among
the WT observations, we only analysed data taken before June 27,
2015 (MJD 57200). After this date the halo started to dominate
completely the field of view,3 while the source, already fainter than
1 counts s−1, slowly decayed to quiescence.
2.1 Data reduction
V404 Cyg has shown extremely variable emission, with very intense
flux peaks spaced by very low flux phases. Additionally, the emis-
sion of the X-ray dust scattering halo, seen in the majority of the
Swift observations of V404 Cyg considered here (see Vasilopoulos
& Petropoulou 2016, Heinz et al. 2016 and Beardmore et al. 2016),
might have been contaminating the source spectra. For these reasons,
a careful data reduction must be performed on the Swift/XRT data
from V404 Cyg in order to obtain consistent results. We report the
data reduction details in Appendix A, while we summarize here the
procedure that we adopted.
• Following the XRT reduction threads,4 we first extracted only
grade 0 events, which helps minimise the effects of pile-up when
the source is bright (i.e. count rate larger then ∼ 150 counts s−1),
and reduces the spectral distortion encountered in WT mode below
1.0 keV when the spectra are highly absorbed.
• We divided each event file thus obtained into time segments of
either 16 s duration or long enough to contain about 1600 counts,
after mitigating pile-up in each segment by extracting the source
spectrum in an annular region centred at the source position with
fixed outer radius (10, 20 or 30 pixels5) and variable, inner radius
(see Appendix A, Sec. A1 and A2).
• We thus obtained a total of 1054 pile-up corrected and
background-subtracted spectra with exposure times ranging between
3 Note that the dust scattering halo in X-rays was filling completely the
Swift/XRT field of view.
4 http://www.swift.ac.uk/analysis/xrt/#abs
5 One pixel in Swift/XRT corresponds to 2.36 arcsec.
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Figure 2. Top panel: INTEGRAL/IBIS-ISGRI light-curve of the flaring phase of the June-August 2015 outburst of V404 Cyg between 20 and 200 keV, and
AMI radio light curve (grey points) in Jy units (see right-hand side y-axis), extracted with a 0.02 days time resolution in a narrow frequency band centred at
14.6 GHz (Fender et al. in prep). The count rate has been converted to Crab units using the Crab count rates obtained during INTEGRAL revolutions 1598 and
1599. Bottom panel: Swift/XRT light-curve of the flaring phase of the 2015 June-August outburst. Arrows indicate the Spectrum number we used to plot the fit
parameters in Fig. 4. In both panels, the points are colour-coded according to the flux, with redder points corresponding to higher fluxes. Note that the flux scale
is different in the two panels due to the different energy bands of INTEGRAL/IBIS-ISGRI and Swift/XRT. The colour-coding used in the bottom panel is the
same used in Fig. 4 and Fig. B1. In both panels, the red arrows mark the eight ejection times reported by Tetarenko et al. 2017, based on Very Large Array, the
Sub-millimeter Array and the James Clerk Maxwell Telescope data taken on MJD 57195 during four hours of observations. Two of these ejections occurred
during our Swift /XRT data, in particular in correspondence to spectra 470 and 484. Note that the eight ejections almost completely overlap to one another in our
plot given their very short separation in time. We refer the reader to Tetarenko et al. 2017 for a zoomed plot showing the ejection times with respect to the
INTEGRAL/IBIS-ISGRI light curve.
16 and 224 s, to which we applied a background spectrum extracted
from a routine WT mode calibration observation of RXJ1856.4–
3754 performed on March 2015 (exposure time of 17.8 ks, see
Beardmore et al. 2016 and Appendix A, Sec. A2).
• We grouped each spectrum in order to obtain a minimum num-
ber of 20 counts per bin and added a 3 per cent systematic errors,
following the prescriptions given in the Swift/XRT data analysis
threads. We have fitted independently all the spectra in the 0.6–10.0
keV energy range. We used the χ2 statistics in the search for the
best fitting model and for the parameters error determination, and
quoted statistical errors at the 1σ confidence level.
2.2 Data Analysis
We fitted the Swift /XRT spectra using XSPEC 12.9.0i (Arnaud 1996),
applying different models to our data. Most of the data could be
reasonably well described by a single (often highly) absorbed power
law and a narrow Gaussian line around the ∼6.4 keV Fe-Kα line
energy (GAUSS). However, using an absorbed power law model
we obtained values of the photon index Γ significantly lower than
1 in about 45 per cent of the spectral fits, not consistent with the
spectral slope of the hard X-ray emission observed by INTEGRAL,
where Γ > 1.4 (Sa´nchez-Ferna´ndez et al. 2017). Furthermore,
the hydrogen column density often drifted to values significantly
lower than the estimated interstellar value in the direction of V404
Cyg, NH,gal = 8.3 ± 0.8 × 1021 cm−2, obtained from the opti-
cal reddening of AV = 4.0 (Hynes et al. 2009) and assuming
AV/NH(10
21 cm−2) = 0.48 (Valencic & Smith 2015). This in-
dicated that a more complex spectral model was required.
Since the presence of additional neutral, local absorption was a
characteristic feature of the 1989 outburst of V404 Cyg (see, e.g.,
Oosterbroek et al. 1996 and Z˙ycki et al. 1999), we added to our
model a neutral absorber partially covering the source (TBPCF). The
two main parameters of TBPCF, both left free to vary in our fits, are
the equivalent hydrogen column density NH and a partial covering
fraction PCF, which takes into account the non-homogeneity of the
absorber. NH was limited between 0 and 103 × 1022 cm−2, PCF
could take any value between 0 and 1. We allowed the power law
normalization NΓ to vary freely, while we set a soft and hard limit
to Γ at 0 and 4, respectively. In addition, we used the TBFEO model
for the interstellar absorption, assuming the abundances of Wilms
et al. (2000) and the cross-sections of Verner et al. (1996). We fixed
NH,gal = 8.3× 1021 cm−2 for this component.
Residuals around 6.4 keV indicated that a narrow line-like
feature was required in about 10% of our spectra. Since such a line
is likely produced via reflection by material distant from the BH (see
Oosterbroek et al. 1996, Oosterbroek et al. 1997, King et al. 2015,
Motta et al. 2017), we used a simple Gaussian to describe it. The
line centroid energy was allowed to vary between 5.8 and 7.3 keV,
while the line width was fixed to 0.1 keV, since the lines seen by
Chandra are narrow (see King et al. 2015) and are thus unresolved
at the Swift/XRT CCD spectral resolution. The line normalization
was left free to vary. The model that we will discuss has the form:
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Swift/XRT observations considered in this work. All the observations listed were taken in Windowed Timing mode. For each observation, we indicate
the number of the first spectrum corresponding to each snapshot and the outer radius of the extraction region used for each snapshot (see Appendix A, sec.
A1 for details). Note that sometimes snapshots from the same observations are spaced out by snapshots from another observation. The third snapshot of Obs.
00031403049 contained a large flare, followed by a very low count rate phase. Therefore, we extracted events in a region with an outer radius of 30 pixels
during the flare, and 10 pixels during the low count rate phase, which was affected by the presence of the dust scattering halo. The second snapshot of Obs.
00033832001 showed high dust scattering halo contamination, therefore the spectrum had to be extracted in a 10-pixels radius region, despite the high source
flux. However, the resulting pile-up corrected spectrum did not contain enough counts to be considered.
Observation ID Snapshots Start time Duration First spectrum Extraction region outer radius
per Obs. (UTC time) (s) for each snapshot (pixels)
00031403038 2 2015-06-18 00:18:59 744 1, 6 20, 20
00644520000 1 2015-06-18 00:28:19 4055 3 20
00644627000 1 2015-06-18 12:53:33 2331 7 20
00031403042 1 2015-06-19 03:44:59 1264 126 20
00031403043 1 2015-06-19 21:00:59 1490 146 10
00031403040 2 2015-06-20 13:25:20 1449 147, 181 20, 20
00031403048 2 2015-06-21 03:55:18 994 224, 225 10, 10
00031403046 2 2015-06-21 12:54:59 2089 228, 265 10, 20
00031403044 1 2015-06-21 14:38:59 999 289 20
00031403045 1 2015-06-22 02:05:58 945 348 10
00031403049 5 2015-06-22 08:28:58 2983 379, 381, 448, 506, 514 10, 20, 30/10∗, 20, 10
00031403047 2 2015-06-22 09:57:59 1909 391, 484 20, 20
00033832001 6 2015-06-23 08:00:59 1888 521, NA, 527, 537, 551, 555 20, 10, 20, 20, 20, 20
00031403052 2 2015-06-23 21:23:39 279 598, 599 10, 10
00031403054 4 2015-06-24 04:58:59 5663 603, 633, 648, 686 20, 10, 20, 20
00031403053 1 2015-06-24 08:07:58 1065 640 10
00033832002 1 2015-06-24 11:13:59 1530 644 10
00031403055 1 2015-06-25 00:03:59 1030 754 20
00031403056 1 2015-06-25 00:21:59 820 773 20
00031403057 3 2015-06-25 03:37:59 2779 798, 826, 858 20, 20, 20
00031403058 1 2015-06-25 22:14:59 1314 893 20
00033861001 1 2015-06-26 12:35:23 1500 941 30
00031403060 1 2015-06-26 23:46:59 1445 969 20
TBFEO ×TBPCF×(POWERLAW + GAUSS)
and provides reasonably good and statistically acceptable fits for
our entire sample. This model depends on 6 parameters: the column
density NH and partial covering fraction PCF (from the TBPCF
component), the power law slope Γ and normalization NΓ (from
the POWERLAW component), the line centroid energy ELine and
normalization NLine (from the GAUSS component).
We note that a simple absorbed disk-blackbody provided good
fits only for a few spectra, and such fits are always statistically dis-
favoured with respect to the fit performed with a partially absorbed
power law model. We also tested various additional continuum
components (NTHCOMP, COMPPS, both describing the continuum
produced by thermal Compton up-scattering of soft X-ray photons),
different absorber models (ZXIPCF, SWIND1, aimed at modelling
a partially covering photo-ionized absorber, without and with a ve-
locity shear, respectively). We also tried to convolve the continuum
with reflection models (e.g. with REFLECT, or with the reflection
model within COMPPS). The use of different continuum models,
however, hardly made any difference and returned very similar val-
ues of χ2ν , which indicates that the underlying spectrum is a power
law6 in the 0.6–10 keV range; i.e. we do not see evidence for a
low-energy excess originating from a disc-like spectral component,
nor a high-energy cut-off due to very low electron temperatures of
6 Both NTHCOMP and COMPPS deviate only slightly from a pure power-law
model in the 0.6–10 keV range, and the quality of our data do not allow such
small deviations to be detected.
the Comptonizing medium (that hence would be detected in the
Swift/XRT energy band).
Since V404 Cyg has shown strong reflection features (Motta
et al. 2017 and Sa´nchez-Ferna´ndez et al. 2017, Walton et al. 2017),
as well as times where absorption and/or reflection were not sta-
tistically required by the data (Walton et al. 2017), we performed
different fit runs, modelling our spectra with slightly different ver-
sions of the same model, i.e. with and without partial covering,
with and without an additional absorber, and with and without a
reflection component. In the latter case, the model used has the form
TBFEO×TBPCF×(REFLECT∗POWER + GAUSS), and depends on
one extra parameter – the reflection fraction Refl – with respect to
the model described above.
Then, we attempted to establish, for each spectrum, which was
the best fit using the Bayesian Information Criterion (BIC, Schwarz
et al. 1978, Liddle 2007). The BIC can be used to choose among
competing models with different numbers of parameters, and it is
defined as BIC = χ2 +k logN , where k is the number of parameters
in the model, and N the number of data points fitted. We considered
a ∆BIC > 10 from two different fits to the same data as strong
evidence for the model with lower BIC being the best fit to the
data (Liddle 2007). It is worth noting that the BIC also includes a
correction term that involves the number of parameters to prevent
over-fitting with complex models, therefore a smaller BIC may
indicate a better model fit, a lower number of parameters, or both.
For each fit, we also computed the corresponding p-value, setting
p = 0.05 as an additional limit for a satisfactory fit.
The BIC test proved useful when we were comparing fits where
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we used the partial covering absorber and fits where we did not use
it. The results of such fits will be described in Sec. 3.2. However, we
note that in the Swift energy range it is almost always very difficult
to constrain the reflection component (when present), therefore the
use of a reflection component caused fitting problems in a large
number of spectral fits (i.e. the reflection fraction and/or the Γ were
not constrained). This issue is displayed and described in Fig. 1.
Based on the above, we concluded that phenomenological
fits (absorbed power law fits, with or without additional partial
covering as determined through the BIC) not including the reflection
component were the ones least affected by modelling degeneracies,
and therefore the most suited to describe the source emission from
a phenomenological point of view. Hence, our discussion will be
based on the results from such fits. For the sake of comparison and
completeness, we report in Appendix B the results of the fit obtained
by convolving the partially-covered absorbed power law model
described above with a reflection component (REFLECT model),
which in a few cases seems to be the best description of the data.
3 RESULTS
In order to compare the Swift /XRT data with the overall V404
Cyg outburst, we extracted the INTEGRAL/IBIS-ISGRI light curve,
which provides the best (hard) X-ray coverage of the source for
the 2015 June outburst (see Kuulkers 2015). Fig. 2 (top panel)
shows the INTEGRAL/IBIS-ISGRI light curve in the 20–200 keV
band (top panel). The Figure also reports the Arcminute Microkelvin
Imager (AMI) radio light curve (grey points) with a 0.02 days time
resolution at 14.6 GHz (Fender et al. in prep). The bottom panel of
Fig. 2 shows the Swift /XRT light curve in the 2–10 keV band. The
INTEGRAL/IBIS-ISGRI and the Swift /XRT light curves are colour
coded according to flux: the redder the points, the higher the flux.
In the INTEGRAL/IBIS-ISGRI light curve, dark red corresponds to
∼60 Crab and light green points corresponds to about 50 mCrab. In
the Swift light curve, dark red points correspond to ∼50 Crab, while
dark blue points correspond to 50 mCrab. Note that the colour scale
is different for the two panels as Swift/XRT and INTEGRAL/IBIS-
ISGRI cover different energy ranges. In the case of IBIS-ISGRI the
conversion into Crab units has been done by directly comparing the
Crab count rate with that from V404 Cyg during its outburst, while
we converted the measured flux directly into Crab units (1 Crab =
2.4×108erg cm−2 s−1 in the energy range from 2 to 10 keV) in the
case of Swift/XRT. For reference, we indicate in the bottom panel
of Fig. 2 the spectrum number for the first spectrum extracted from
each Swift snapshot (unless two adjacent snapshots are too close).
In both panels, the red arrows mark the eight ejection times
reported by Tetarenko et al. (2017), based on Very Large Array, the
Sub-millimeter Array and the James Clerk Maxwell Telescope data
taken on MJD 57195 during four hours of observations. Two of
these ejections occurred during our Swift /XRT data, in particular in
correspondence to spectra 470 and 484.
3.1 Rapid spectral variability
The Swift/XRT spectra that we extracted show remarkable spectral
changes on short time-scales. Figure 3 shows a collection of un-
folded spectra that illustrate all the different kinds of rapid spectral
variability that we observed. Significant differences between the
spectra in each panel are also observed in the folded spectra. Any
other case of fast spectral change can be associated with one of the
rapid variability cases described below. In each panel, the spectra
are colour-coded as a function of time: blue comes first, then red
and then orange (when present). In each panel, we show the data
and their best fit (solid line), and the model corrected for absorption
(dashed line). In Tab. 2 we report the parameters of the best fits to
the spectra displayed.
• Panel a) shows a fast change in the partial covering fraction.
The two spectra cover a 144 s span. The blue spectrum is character-
ized by a high covering fraction (82%) and moderate local column
density (NH ≈ 2 × 1023 cm−2), while the red spectrum, shows a
lower covering fraction (60%) and a slightly higher local column
density (NH ≈ 3 × 1023 cm−2). The photon index is consistent
with being constant through the spectral change, remaining in the
Γ ≈ 1.6–1.7 range. We note that the column density is not well
constrained for the red spectrum, but it is consistent with that of
the blue spectrum. This is probably a consequence of the partial
covering factor being lower than in the blue spectrum (NH and PCF
can be degenerate parameters in the case where one or the other
parameter is close to or consistent with zero). This spectral change
might correspond to a situation where the source intrinsic emission
is first partially obscured by dense matter – possibly a clump – and
then unveiled as the matter moves away from the line of sight, caus-
ing a sudden drop in covering fraction, and revealing the emission
from the inner accretion flow.
• Panel b) shows a case where major changes in the spectral
shape are ascribed to fast changes in the local column density, while
the partial covering fraction and the intrinsic spectrum remain con-
sistently the same. In the three spectra the covering fraction is con-
sistent with 80–90%, but while in the blue and orange spectrum the
column density is about NH ≈ 1023 cm−2, in the red spectrum the
local column density is about a factor of 2 lower. As can be seen
from the models corrected for absorption, the de-absorbed spectrum
varies only very slightly. The change in the column density shown
in the figure appears as a flare in the light curve of the source, possi-
bly a consequence of the fact that the material covering the source
becomes suddenly less dense.
• Panel c) shows a case of a fast hard flare. The three spectra
shown in the figure are extracted from adjacent time stretches and
cover a time span of only 48 s. While the blue and orange spec-
tra show a photon index of about Γ ≈ 1.8–1.9, moderate column
density (NH ≈ [2− 3]× 1023 cm−2), and relatively high covering
fraction (84% and 80%, respectively), the red spectrum – corre-
sponding to the flare – shows significantly harder photon index
(Γ ≈ 1.5), lower covering fraction (70%), but column density con-
sistent with the blue and orange spectra (NH ≈ 3 × 1023 cm−2).
This fast spectral change likely corresponds to a situation where a
clump that might be partially obscuring the source moves slightly
away from the line of sight, uncovering a particular region of the
inner accretion flow that is emitting a hard spectrum (see Sec. 4).
• Panel d) shows a situation similar to those described for Panel b
and c, though somewhat more extreme. This spectral change occurs
in about 6 minutes (336 s) and in this case the blue spectrum is
characterized by a photon index of Γ ≈ 1.5, is highly covered
(96%) and affected by moderate local column density (NH ≈ 3.4×
1023 cm−2). The red spectrum, instead, is harder (with Γ ≈ 0.7),
still highly covered (95%), but affected by a local column density a
factor of two lower than in the case of the blue spectrum. Finally, the
orange spectrum – corresponding to a flare – is affected by low local
column density (NH ≈ 1022 cm−2) covering 64% of the emission
from the inner accretion flow. This situation could be the result of
a decrease in the local column density, i.e. maybe a consequence
of the obscuring material getting thinner. This is accompanied by
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Changes in partial covering fraction (144s) Changes in column density (80s)
Changes in photon index and partial covering (48s) Changes in photon index, partial covering and column density (336s)
Changes in photon index (448s) Examples of spectra showing a narrow line
Figure 3. Gallery of rapid spectral variability cases. In each panel we report examples of different kinds of spectral variability observed during the outburst. We
plot in the top halves of each panel the spectra, their best fit (solid line) and the unabsorbed model (dashed lines) - where we essentially removed the effect of the
local (partial) absorption - and in the bottom halves the residuals to the best fit. We also give the spectrum number corresponding to each spectrum displayed.
Spectra are colour coded as a function of time, according to the sequence blue, red, orange. A brief description of the kind of variability displayed is given on
top of each panel, together with the time span covered by the spectra considered (see the text for a detailed description). The best fit parameters for all the
spectra shown are reported in Tab. 2. A colour version of this Figure is available on-line.
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Table 2. V404 Cyg spectral parameters for the fits displayed in Fig. 3: local column density (NH), partial covering fraction (PCF), photon index (Γ), power law
normalization (NΓ), the line energy (ELine) and normalization (NLine), χ2ν and degrees of freedom (D.O.F.) of the spectra.
Panel parameter blue sp. red sp. orange sp.
a) NH (1022 cm−2) 21±3 32+15−10
PCF 0.82±0.04 0.59+0.08−0.09
Γ 1.6±0.2 1.7±0.1
NΓ 20
+7
−5 52
+13
−11
χ2ν 81.63 104.98
D.O.F. 73 83
b) NH (1022 cm−2) 9±2 4±1 10±2
PCF 0.81±0.03 0.88+0.05−0.04 0.89+0.02−0.03
Γ 0.0 (fixed) 0.0 (fixed) 0.4±0.2
NΓ 0.44±0.02 1.28+0.05−0.04 1.3+0.4−0.3
χ2ν 79.16 104.76 70.42
D.O.F. 74 99 73
c) NH (1022 cm−2) 28+4−3 27
+8
−5 24
+4
−3
PCF 0.84±0.03 0.70+0.05−0.06 0.80±0.04
Γ 1.8±0.1 1.5±0.1 1.9±0.1
NΓ 17
+5
−3 24
+7
−5 16±4
χ2ν 95.07 83.57 97.22
D.O.F. 90 90 90
d) NH (1022 cm−2) 34±2 17±2 0.9±0.5
PCF 0.96±0.01 0.95±0.01 0.6+0.3−0.2
Γ 1.5±0.1 0.7±0.2 0.8±0.1
NΓ 3±1 4+2−1 14+3−2
χ2ν 108.48 85.45 113.64
D.O.F. 100 87 95
e) NH (1022 cm−2) - -
PCF - -
Γ 2.22±0.05 1.61±0.04
NΓ 0.39±0.02 0.80±0.03
χ2ν 78.20 71.37
D.O.F. 68 90
f) NH (1022 cm−2) 2.0±0.3 61+10−9 53+9−8
PCF - 0.92±0.02 0.93±0.01
Γ 0 (fixed) 1.7+0.1−0.1 2.62±0.16
ELine 6.50±0.04 6.38±0.02 6.34+0.08−0.09
NLine (2.4±0.3)×10−2 (4.2±0.5)×10−2 (3±1)×10−2
χ2ν 67.31 84.98 110.66
D.O.F. 76 71 77
a partial uncovering of a region of the inner accretion flow (with a
hard spectrum), which results in a significant increase in flux.
• Panel e) shows a clear case of variations of the photon index,
while the source is not affected by significant covering and/or local
column density. The change displayed occurs on a time scale of a
few minutes (448 s) and corresponds to an actual spectral change
of the source, that hardens while increasing in flux. While in the
blue spectrum the photon index is Γ ≈ 2.2, the red spectrum is
significantly harder, with Γ ≈ 1.6.
• Panel f) shows a collection of spectra with a line feature in the
iron-Kα line region, collected at different times during the outburst.
The blue spectrum, taken at the beginning of the outburst, shows
a prominent but narrow Gaussian line in emission in the iron line
region, and low, uniform absorption (i.e. no partial covering is sta-
tistically required). Interestingly, this spectrum appears extremely
hard, with a photon index consistent with 0. The red spectrum shows
the effects of high column density and of the presence of partial
covering. Also in this case, a prominent line is evident. The spec-
tral photon index is significantly higher than in the previous case
(Γ ≈ 1.7). The orange spectrum is much softer than the previous
ones, requiring a photon index of Γ ≈ 2.6. Here the Gaussian line
is slightly weaker than in the red spectrum described above, though
still clearly present. Also in this spectrum the effects of the relatively
high absorption and covering are evident.
3.2 Parameter evolution
In Fig. 4 we show the results of the spectral fits described in Section
2.2. Since the time gaps between different Swift snapshots are on
average much larger than the typical length of a snapshot, we show
the variations of the spectral parameters as a function of spectrum
number, instead of as a function of time, in order to make the pa-
rameter inspection easier. The beginning/end of each Swift snapshot
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Parameter evolution from partially-covered, absorbed power law.
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Figure 4. Time evolution of the best fitting parameters obtained modelling the spectra of our sample with a partially-covered, absorbed power law, with the
addition of a Gaussian line in emission. All parameters are plotted as a function of spectrum number instead of time to facilitate parameter inspection. The
beginning/end of each Swift snapshot is marked by a blue dashed line. In all panels save for the second from the top, points are colour-coded as a function of flux
(in erg cm−2 s−1), shown in the top panel. Other panels show: flux (in units of erg cm−2 s−1) corrected for the ISM absorption, with magenta indicating
spectra that show a narrow Gaussian line in emission, and cyan indicating spectra where the emission from the dust scattering halo might be affecting the source
spectrum; spectral photon index; intrinsic column density; partial covering fraction; χ2ν . The red line marks photon index equal 1 in the photon index panel,
column density equal 1023cm−2 (dashed) and column density equal to the ISM value (dotted) in the column density panel, and χ2ν equal 1 in the χ2ν panels.
Note that in the partial covering fraction panel, for clarity we only plotted the points indicating covering fractions less than 1, as covering fraction equal 1
effectively means that the absorber is uniform. The grey points show the parameter evolution obtained leaving the covering fraction and the local column density
always free to vary, while the coloured points show the results of the fits to the spectra of our sample after applying the BIC test in order to determine whether
the partial covering was statistically required (see Sec. 2.2 for details). A colour version of this Figure is available on-line.
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is marked by a blue dashed line in Fig. 4. The Swift observations are
considerably sparser than the INTEGRAL ones (see Fig. 2), how-
ever the length of Swift and INTEGRAL snapshots was comparable
(1 ks and 2-3 ks, respectively for Swift and INTEGRAL ).Both the
Swift and INTEGRAL light-curves show large variations in flux, up
to three orders of magnitude occurring on time scales from less than
a minute up to days.
In Fig. 4 we show, from top to bottom: observed flux in the
2–10 keV band (in units of erg cm−2 s−1); observed flux in the
2–10 keV band, highlighting in magenta colour those spectra which
showed an iron line around 6.4 keV and in cyan the spectra extracted
in time intervals where the dust scattering halo is seen around the
source in the Swift/XRT field of view; photon index (Γ); local col-
umn density (NH); partial covering fraction (PCF) and the χ2ν . By
observed flux we refer to the flux measured in the 2–10 keV energy
band, corrected only for interstellar absorption. All the points in
each panel (excluding the second panel from the top) are colour-
coded according to flux, where red corresponds to the highest fluxes
and blue correspond to the lowest fluxes. The grey points are shown
for reference and mark the parameter evolution obtained leaving the
covering fraction and the local column density always free to vary,
while the coloured points show the results of the fits to the spectra of
our sample after applying the BIC test in order to determine whether
the partial covering was statistically required (see Sec. 2.2).
The results of the spectral analysis were also used to produce
Fig. 5, which shows the parameter and observed flux distributions
and correlations. From top to bottom (left column) and from left
to right (bottom line) we show: local column density NH (in log
scale), partial covering fraction, photon index Γ, apparent flux (in
log scale) and line energy. At the top of each distribution we report
the average value of each parameter.
3.2.1 Flux
V404 Cyg showed a very large dynamical range in flux during the
June 2015 outburst, with flux variations of almost four orders of
magnitude (Fig. 4, top panel). In particular, in three outburst phases,
corresponding to three of the brightest flares caught by Swift, the
flux changes are particularly remarkable. Around spectra 200–220,
460–490 and 890–910 we can observe a change in flux of 2.4, 2.5
and 2 orders of magnitude in a matter of 290, 400 and 330 seconds,
respectively. Each of these three flares is associated with spectral
changes, and in particular to a significant hardening of the source
spectrum, which also corresponds to a dramatic drop in column
density and to the disappearance of inhomogeneity in the absorber
(i.e. the covering factor becomes solidly consistent with one).
Similar flux variations accompanied by spectral hardening and
decrease in NH occur also at even shorter time-scales, i.e. tens of
seconds (see Panel C of Fig. 3 and Sec. 3.1), where again an increase
in flux corresponds to a spectral hardening.
3.2.2 Photon index
Over the outburst the photon index varies between Γ ≈ 0 and 3.
We note that there are 5 epochs where the photon index Γ drifts
significantly below 1 (i.e. points below the red solid line in Fig. 4,
photon index panel). Despite the very low values reached by this
parameter, Γ is always well constrained. We remind the reader that Γ
was constrained to be larger than zero. However, even in those cases
where Γ is consistent with zero (in 1.4% of our spectra), if left free
to vary, it remains well constrained and does not show degeneracy
with the NH. Analysis of the INTEGRAL/IBIS-ISGRI data in the
20–200 keV clearly shows that there are no spectra with photon
indices below Γ < 1.4 (Sa´nchez-Ferna´ndez et al. 2017), and it is
therefore likely that for these epochs the partially-covered absorbed
power law spectral model is too simplistic. We also note that in
∼20% of the spectra Γ is consistent with or higher than ∼1.4, even
though fits performed including a reflection component provide a
better description to the data. A clear case can be seen comparing
the photon index of spectra 650–800 in Fig. 4 and in Fig. B1, where
we see that the introduction a reflection component reduces the χ2ν .
The addition of a reflection component in such spectra causes a
drop in the χ2ν from an average value of ≈99.40/81 to ≈90.05/807,
which corresponds to a marginal improvement of the fits. These
cases, similarly to those cases where Γ is significantly lower than
1, are found at times where the column density and the covering
fraction are both high.
Figure 4 also shows that the highest photon indices almost
always correspond to the lowest observed fluxes, even though very
low values of Γ appear at various phases of the outburst. Overall,
there is no obvious correlation between the variations in the photon
index and the changes in luminosity. This behaviour is notably
different from that seen in other BHBs, where an increase in flux
typically corresponds to constancy or increases in the photon index
(see e.g. Dunn et al. 2010). However, a similar behaviour has also
been seen in the V404 Cyg INTEGRAL data taken during this same
outburst (Sa´nchez-Ferna´ndez et al. 2017).
3.2.3 Variable intrinsic absorption
The local absorption, often characterized by high column density and
partial covering fraction, shows very intriguing evolution during the
outburst. Figure 4 (4th panel from the top) shows that the majority
of the high column density measurements come from the phase of
the outburst where most of the flaring is observed (spectra 130–969),
while much lower values (NH ∼ 1021 cm−2), come from the first
three observations (spectra 1–129), from the last one (969–1054),
and from isolated dips where the column density drops suddenly for
short periods of time (see, e.g., spectra 430–460 in Fig. 4). We stress
that the ISM column density is taken into account through a separate
model component, thus the low-column density values shown in the
plot correspond to low density absorbing material additional to that
due to the ISM.
Comparing the column density panel and covering fraction
panel in Fig. 4, one can see that the absorber shows a bi-modal
behaviour: when the column density associated with the local ab-
sorber is high, the absorber is highly inhomogeneous, with high
and well-constrained values of the covering fraction. Instead, when
the column density is low, the absorber is homogeneous (no cov-
ering fraction is statistically required by the fits, which from the
modelling point of view means covering fraction = 1). Since the
column density and partial covering fractions are well constrained,
we exclude that this effect could be due to degeneracy in the fits. The
high-column density phases are only occasionally replaced by clear
NH dips, which are often accompanied by changes in the covering
fraction (see also Fig. 2, panel B). For instance, a prominent case
where NH drops from about 2 × 1023 cm−2 to NH . 1021 cm−2,
7 Note that the number of degrees of freedom is variable from spectrum to
spectrum. Therefore, here we are quoting average values for both the χ2 and
the number of degrees of freedom.
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and the partial covering fraction varies by a factor of 2 (from 0.5 to
1) in a matter of a few minutes can be seen around spectra 320–340.
By comparing the photon index panel with the column density
and covering fraction panels, we note that while the photon index
has a long-term evolution that does not seem to correlate with the
absorber, most of the minute and sub-minute time-scale variations
in flux/photon index could be related to changes in local column
density and/or covering fractions.
3.2.4 Variable line
A narrow Gaussian lines in emission around 6.4 keV is detected
at certain times during the outburst. In particular, it seems to
be associated with low to moderate flux levels (strictly below
2 × 10−7 erg cm−2 s−1, see Fig. 4, second panel from the top)
and appears during times when the measured column density and
covering fraction are high (i.e. above ∼1023 cm−2 and 0.85, respec-
tively). This is particularly evident in the line energy versus NH
panel of Fig. 5 (panel k), where one can see that no line is detected
at column densities lower than ∼3 × 1022 cm−2.
Even though the photon index associated with the appearance
of the line is low to moderate (from below 1 to about 1.5), there is
no clear correlation between the presence of the line and the source
spectral slope.
The spectral fits to the data revealed that the lines detected
in our spectra are not resolved by Swift/XRT. We note that the
limited sensitivity of Swift/XRT above 8 keV, combined with the
presence of edges caused both by heavy absorption and significant
reflection, makes it sometimes difficult to properly model the iron
lines region, and in particular to constrain the reflection parameters
when a reflection component is included in the spectral model.
3.3 Spectral parameters distributions
In Fig. 5 we show the distributions of the spectral parameters de-
scribed above, together with the correlations between all the param-
eters and the observed flux.
3.3.1 Flux distribution
The observed flux distribution (Fig. 5, panel j), obtained correcting
the 2–10 keV flux only for interstellar absorption, shows a main peak
at ∼3×10−8 erg cm−2 s−1. Once converted to bolometric X-ray
luminosity,8 this flux corresponds to about 4% of the expected
Eddington luminosity for V404 Cyg (1.6×10−6 erg cm−2 s−1
for a stellar mass BH of 9 M and at 2.39 kpc, as appropri-
ate for V404 Cyg). However, the flux distribution extends up to
1.22×10−6 erg cm−2 s−1. The corresponding bolometric luminos-
ity exceeds the Eddington luminosity by a factor of≈2, and a closer
look at the flux distribution shows that about 3% of the spectra return
an observed luminosity higher than the Eddington one. It is notice-
able that in these cases the spectra did not require any extra column
density local to the source, suggesting that the source might have
been completely un-obscured at the time of these super-Eddington
events.
8 We used a bolometric luminosity correction factor equal to 2.2, estimated
based on the results reported by Sa´nchez-Ferna´ndez et al. 2017.
3.3.2 Photon index distribution
The Γ distribution in Fig. 5 (panel f) is double-peaked, somewhat
similar to what is found with INTEGRAL (Sa´nchez-Ferna´ndez et al.
2017). We note, however, that the Swift distribution is more spread
to the higher and lower values, likely due to the fact that Swift
lacks sensitivity at high energies, necessary to well constrain the
spectral slope. By comparing the time evolution of Γ obtained using
just a partially-covered absorbed power law and the same model
convolved with a reflection model, we see that the low-photon index
tail is probably due to the presence of reflection in some low-flux
spectra that, as noted above, forces the photon index to lower values
in order to account for a hard excess. This effect is obvious when
we substitute the photon index values obtained from the fits of
such spectra (about 7% of the spectra in the sample), with the Γ
values obtained by convolving our power law model with a reflection
component: the photon index moves up to values closer to 1.4. This
is illustrated in Fig. 6: the orange distribution corresponds to the fits
performed with a partially-covered absorbed power law model and
is the same Γ distribution shown in Fig. 5 (panel f). The dark red
distribution highlights the values of the orange distribution smaller
than and not consistent with 1. The light red distribution contains
the Γ values obtained fitting the spectra that returned Γ values lower
than and not consistent with 1 with a partially-covered absorbed
power law convolved with a reflection model.
3.3.3 Intrinsic absorption distribution
The local absorption is highly variable and forms a bi-modal distri-
bution in log scale (see Fig. 5, panel a), which reflects the bi-modal
evolution that was already evident from Fig. 4 (column panel). Both
peaks of the distribution, at 2.5× 1021 cm−2 and at 5× 1023 cm−2,
follow a log-normal distribution. It must be noted that, while the
effects of the ISM column density are taken into account separately
(fitted by a separate model component, see Sec. 2.2), the peak at low
column density is centred at values of ∼ 1021 cm−2. The FWHM
of such a peak is ≈3.2×1021 cm−2, significantly larger than the
uncertainty on the ISM column density (equal to 0.8× 1021 cm−2),
and therefore of the expected width of such a distribution if it was
due to fluctuations in the best fits. This suggests that the low col-
umn density peak of the distribution is a real effect related to an
additional, though thin, layer of absorbing material. We stress that
the data do not allow to completely exclude that this is an artificial
effect of our spectral modelling.
High column density neutral absorbing local material (NH ≈
1022−1025 cm−2), covering a variable fraction of the central X-ray
source is necessary to describe 54% per cent of our spectra. In the
remaining 46% of the spectra, the local absorbing material is either
uniform and thin (NH ∼ 1021 cm−2 and PCF = 1) or absent.
Inspecting the column density distribution panel and the cov-
ering fraction versus column density panel in Fig. 5 (panel a and
b, respectively), the bi-modal structure of the absorber mentioned
in Sec. 3.2 is obvious. On the one hand, only those spectra requir-
ing high column densities (above 1022 cm−2) also require partial
covering. On the other hand, none of the spectra that shows low
column densities requires a partial covering, again pointing to the
homogeneity of the absorber when the column density is very low.
Even though we cannot completely rule out the possibility that this
dichotomy arises as a consequence of the fit being insensitive to the
partial covering parameter in the presence of low column densities,
the fact that the dichotomy is extremely sharp suggests that this
effect indeed reflects a real property of the absorber.
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Figure 5. Parameter distributions, observed flux distribution, and parameters correlations from the best fits to the spectra of our sample using the partially-covered
absorbed power law model described in Sec. 2.2. From top to bottom (left column) and from left to right (bottom line) we show: intrinsic column density (in
log scale), partial covering fraction, photon index Γ, apparent flux (in log scale, corrected for the ISM absorption) and iron line energy. At the top of each
distribution we report the mean value of each parameter.
3.3.4 Iron line energy distribution
As described in Sec. 2.2, we have modelled features around 6.4 keV
with a narrow Gaussian line. The resulting distribution of line en-
ergies is qualitatively a distribution peaked at 6.5 keV and slightly
skewed towards the higher energies (see Fig. 5, panel o). Figure
7 shows the line energy versus the line equivalent width: the line
energy is generally shifted to energies higher than 6.4 keV (dashed
line in the plot), but also - much more rarely - to energies lower then
that, i.e. up to ∼ 7.2 keV and down to ∼6.2 keV.
The spectral modelling of the iron line region is complicated
by the presence of absorption/reflection edges and it is often dif-
ficult to determine what model best fits the data. Figure 3 (panel
f) displays three cases where a line around 6.4 keV is required:
the residuals in the iron line region highlight the complexity of the
spectra. King et al. (2015) reported the presence of several emission
lines in the iron region. In order of intensity, the Chandra data show
the following emission lines: iron-Kα (by far strongest detected,
indicating the presence of a large fraction of neutral iron), iron-Kβ,
iron XXVI-Lyα, iron XXV recombination line, intercombination
c© 0000 RAS, MNRAS 000, 000–000
Disk outflows from V404 Cyg 13
Figure 6. Comparison of the photon index distributions obtained when fitting
a partially-covered absorbed power law, and a partially covered absorbed
power law convolved with a reflection component. The orange distribution
is formed by values of Gamma from a simple absorbed power law fit. The
dark red distribution contains all the Γ values that are lower than and not
consistent with 1. The red distribution is formed by the Γ values obtained
from the spectra that originally returned Γ lower then and not consistent with
1, and that were subsequently modelled with a partially-covered absorbed
power law convolved with a reflection kernel. One can see that the addition
of the reflection component cause an increase in Γ in the majority of cases.
A colour version of this Figure is available on-line.
line and forbidden line. In addition, they reported the presence of
more lines in different regions of the X-ray energy spectrum, the
strongest of which is the Si XIV Lyα line, at ∼2 keV. In almost all
spectra where an emission line was statistically required by our fits,
we detected only one significant line at a time. The only exception
is spectrum No. 4 (Obs. ID. 00031403038, snapshot 1, see Tab. 1),
where together with a line at ∼6.4 keV (that can be associated with
a iron-Kα line), we detected the hint of a line at ∼6.95 keV, that
could be associated with the iron XXVI-Lyα line. Based on this
assumption, a fit to this spectrum performed substituting the power
law continuum and the Gaussian line with XILLVER9 returns contin-
uum parameters consistent with those obtained with the power law
model: Γ ∼ 1.5, logξ ∼ 1.5 (where ξ is the ionization parameter,
ξ ≡ L/(n r2)), and iron abundance ∼4 with respect to the solar
abundance, which suggests that mild ionization might be present at
the time of spectrum No. 4. The iron abundance in the surface disk
atmosphere of a torus-like geometry is expected to be higher than in
the accretion flow as a whole. This is because certain ions are prefer-
entially dragged upward owing to their magnetic moments, similarly
to what happens in the solar corona where abundances differ from
the solar photosphere (Reynolds 2012). Since no other spectra show
evidence for a line beside the strongest detected line (that should be
associated with the strongest line detected by Chandra, therefore
the iron-Kα emission line), this result suggests that the ionization
level should be lower in all the remaining Swift/XRT spectra.
In principle, however, when one single line is detected in the
iron region, it could be either produced by neutral iron (resulting in a
iron-Kα) or by iron in different ionization states. The strongest line
produced by ionized iron is the iron XXVI-Lyα line, which should
9 XILLVER is a power law spectrum convolved with a reflection kernel.
Reflection is modelled by solving radiation transfer on a plane-parallel,
1-dimensional slab with constant density (Garcia et al. 2010, 2013).
co-exist with the Si XIV Lyα line, produced with a flux significantly
lower than that of the iron XXVI-Lyα line at Solar metallicities.
The ratio between the Si XIV Lyα line and the iron XXVI-Lyα line
is expected to be constant for a given plasma temperature. The two
Chandra observations return an average ratio RSi/Fe = 0.45.
The easiest interpretation would be that the detected line corre-
sponds to a blue- or (seldom) red-shifted iron-Kα line. However, we
tested our data in order to exclude that the detected line is instead to
be associated with the iron XXVI-Lyα transition. Assuming that the
line detected in the spectra is the iron XXVI-Lyα line, we estimated
the expected flux of the Si XIV Lyα transition line using the ratio
RSi/Fe. Then we measured the upper limit of the Si XIV Lyα from
each spectrum where an emission line is detected in the iron region
and we compared it to the estimated Si XIV Lyα flux. We found
that the only case where the upper limit to the measured Si XIV
Lyα flux is consistent with the estimated Si XIV Lyα flux is that of
spectrum No. 4.
This confirms that the ionization is probably moderate and
it does not produce significant features in the Swift/XRT spectra.
Hence, we conclude that the emission line we detect in a significant
fraction of our spectra is indeed the iron-Kα emission line, often
affected by an energy shift. We note, however, that assuming a
constant ratioRSi/Fe is not necessarily correct, especially considering
the very variable environment that is the accretion flow around V404
Cyg. Additionally, we stress that we cannot exclude the possibility
that lines from both neutral and ionized iron could be produced by
different regions of the accretion flow. In this case more then one line
could be present in a given spectrum, and each would be affected by
a different energy shift that could in principle push them together,
making it impossible to resolve them with Swift/XRT. Unfortunately,
our data cannot be tested against this possibility.
From the instrumentation point of view, it must be
noted that bright sources could easily fill the charge traps
in Swift/XRT (by so-called ‘sacrificial charge’), causing an
energy shift in the spectrum of up to 50–100 eV (see
http://www.swift.ac.uk/analysis/xrt/digest cal.php#traps). Since we
used the latest Swift/XRT calibration files, this effect is probably
limited to its minimum, but residual effects are still possible. This
effect is particularly evident for very bright sources (count rate
> 60 counts s−1 in 1 single CCD column). As noted before we
detected emission lines around 6.4 keV only at fluxes strictly lower
than 2×10−7 erg cm−2 s−1, which corresponds to count rates lower
than 1 counts s−1 column−1, therefore the aforementioned effect is
not likely to be relevant. Furthermore, the maximum shift of the line
energy that we observed was ∼ 0.5 keV and cannot be explained in
terms of calibration issues.
4 DISCUSSION
We have analysed the Swift/XRT data from the most active phase
of the outburst shown by the black hole binary V404 Cyg in June
2015. We performed time resolved spectroscopy on the source by
extracting a total of 1054 spectra with varying exposures between
16 and a few hundred seconds. We fitted all the spectra with a phe-
nomenological model constituted by a partially-covered, absorbed
power law, to which we added a Gaussian line in emission. The
results of the spectral fits revealed remarkable spectral variability
on time scales down to a few tens of seconds, and variations in flux
as large as 3 orders of magnitude in time–spans as short as a few
minutes.
The unique properties and behaviour shown by V404 Cyg dur-
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Figure 7. Line energy versus line equivalent width for the observations that
show the presence of an iron line. The black dashed line marks the 6.4 keV
energy.
ing the June 2015 outburst can be explained by assuming that a
heavy layer of non-uniform, high-column density material local to
the source is affecting the observed emission, introducing the dra-
matic spectral and flux changes observed. This picture was already
proposed by Motta et al. (2017) and is confirmed by our finding.
4.1 The outflowing absorber
4.1.1 The absorber
The results of our spectral analysis show that spectral changes oc-
curring on short time-scales (tens of seconds and likely less) can
be ascribed to the variations of a layer of material covering the
source. In particular, while changes in column density cause fast (∼
minutes) but moderate flux changes, variations in the covering frac-
tion of such an high-density absorber are responsible for the most
dramatic flux and spectral changes observed during the outburst.
What we observed is in agreement with what has been reported by
e.g. Oosterbroek et al. (1996) and by Syunyaev et al. (1991) based
on data collected with Ginga and the Roentgen telescope, respec-
tively, during the 1989 outburst, but also by Sa´nchez-Ferna´ndez
et al. (2017) and Motta et al. (2017), based on INTEGRAL and
simultaneous Swift and INTEGRAL data, respectively, collected
during the 2015 outburst.
Our findings show that the absorber local to the source has
a clear bi-modal behaviour: it either appears to be very dense (i.e.
often Compton-thick, with average NH corresponding to τ ∼ 1)
and highly inhomogeneous/clumpy, or tenuous and uniform. This
could mean that the inhomogeneous high-density absorber and the
uniform, tenuous one coexist at all times, even though our data
are sensitive to the effects of the latter only when the high den-
sity, clumpy absorber is not present. Another possibility is that the
clumpy absorber partially or completely rarefies at times into a much
more uniform and thin layer of material, with density ∼ 1021 cm−2.
However, this possibility seems less likely, given the fast transitions
between high and low column density phases. Our data do not allow
us to determine the relative position of these two absorbers with
respect to the source (even though we can estimate the radial ex-
tent of the clumpy absorber, see below). Therefore, in the case of
co-existence of the two absorbers, we cannot exclude that the uni-
form, thin absorber could sit further out with respect to the clumpy
absorber, a possibility that is supported by the fact that the thin
absorber does not appear to be ionised. Therefore, in principle, such
thin absorber could even correspond to the neutral outflowing ma-
terial launched as an optical wind at hundreds of thousands of Rg
from the central BH (Mun˜oz-Darias et al. 2016).
We note that the Swift/XRT limited energy range imposes lim-
its on our sensitivity to high values of column density, especially
given the fact that a large fraction of the spectra in our sample re-
quire partial covering. Because of a lack of high-energy coverage,
when it comes to the actual spectral fitting, our data would not al-
low us to distinguish between a model that requires only weak or
even absent absorption, from a model that requires heavy absorption
(with column density values above ∼1023cm−2), but also partial
covering. In other words, we would be unable to detect the effects of
a very high column density (which would be visible well above 10
keV), and in the Swift/XRT band-pass we would observe only the
fraction of the emission that reaches the observer through the holes
in the inhomogeneous absorber. The result would be a spectrum that
appears, in such energy band, indistinguishable from a spectrum
that is mildly absorbed, but with a much lower flux. For this reason,
while we observed already fairly high column densities, we cannot
exclude that the density of the absorber might have been at times
much higher (i.e. in the Compton thick regime, NH > 1023 cm−2)
than our measured values. For these reasons, the intrinsic lumi-
nosity could at times greatly differ (even by orders of magnitude)
from the observed luminosity. This issue can be addressed by using
Swift/XRT plus a higher band-pass instrument, similarly to what had
been done, for instance, by Motta et al. (2017). In Motta et al. (2017)
we used strictly simultaneous Swift/XRT and INTEGRAL/JEM-X
and INTEGRAL/IBIS-ISGRI data taken during a short-lived phase
when the source was exceptionally showing little spectral variation.
INTEGRAL, Swift/BAT and NuSTAR data covering the hard X-rays
were in fact collected during the 2015 outburst of V404 Cyg. How-
ever, time-resolved broad band spectroscopy is severely limited by
the non-simultaneity of such data with those from Swift/XRT. Fur-
thermore, the short exposure times used to extract the XRT spectra
would not allow us to obtain simultaneous spectra with enough S/N
from either Swift/BAT or INTEGRAL/IBIS-ISGRI in most cases.
4.1.2 The relation between flux and absorption
Our results show that there is a clear link between the strongest
flares seen by Swift and the drop in column density. In particular, the
strongest flares caught by Swift seem to be related to sudden drops in
the local column density and simultaneous disappearance of partial
covering (see Sec. 3.2.1). Such changes, where the source flux drops
by almost three order of magnitude in minutes are too fast to be
consistent with accretion-driven changes that typically follow the
viscous time-scale, and which would be larger than 103 s at 10 Rg
for a 10 M BH (Frank et al. 2002), and increasingly larger at larger
radii. Comparable changes in flux, corresponding to an increase or
drop in luminosity of a factor of five in a few seconds, have been
observed in GRS 1915+105 (Belloni et al. 1997), and interpreted as
a consequence of a thermal/viscous instability (Lightman & Eardley
1974). Such instability, however, is expected to produce a dramatic
decrease in the soft emission (therefore a significant spectral hard-
ening) as the flux drops. In V404 Cyg, instead, the decrease of the
observed spectral slope is most evident in correspondence of the
strongest flares, while an increase of photon index follows as the
flux drops again.
Based on the above, the observed changes in the flux can hardly
be explained as a consequence of an intrinsic change in the prop-
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Figure 8. Schematic view of V404 Cyg, mostly based on the findings reported in this work, in Motta et al. (2017) and Sa´nchez-Ferna´ndez et al. (2017), but also
King et al. (2015) and Mun˜oz-Darias et al. (2016). The inner region of the accretion flow is inflated and originates the clumpy outflow producing the heavy,
non-uniform layer of absorbing material local to the source. The outer disk, instead, is responsible for the launch of the strong thermal wind seen at optical
wavelengths. Note that slim disk in fact refers to an accretion-flow that has a significant vertical extent compared to a thin disk. Note that the X-axis of the figure
is logarithmic. A colour version of this Figure is available on-line.
erties of the accretion flow. Instead, the covering/uncovering of a
bright central source by clumps of matter can easily explain fast
changes in luminosity. If this is the case, the super-Eddington flares
observed in V404 Cyg would correspond to times where the actual
emission produced by the source reaches the observer unabsorbed,
while the lower flux phases would be explained in terms of partial
or complete covering of the source. Such a scenario, while seldom
observed in BH binaries (see the case of V4641 Sgr, Revnivtsev et al.
2002 and SS 433, Fabrika 2004), is often observed in obscured AGN,
where the presence of a variable, patchy, neutral absorber (see, e.g.,
the case of NGC 4151, Zdziarski et al. 2002, de Rosa et al. 2007 and
NGC 1365, Risaliti et al. 2005) is thought to be responsible for most
of the fast spectral and flux variability. A particularly interesting
case is that of the Seyfert 1 galaxy NGC 5548 (Mehdipour et al.
2016), where changes in the covering fraction (ranging between 0.7
and 1) in an obscuring, weakly-ionised outflow close to the accre-
tion disk is the primary and dominant cause of variability in the soft
X-ray band.
4.1.3 The relations between the X-ray and radio flux
The most striking characteristic of both the radio and X-ray light
curves is the very strong variability (see e.g. Tetarenko et al. 2017),
characterised by hundreds of flares over a two-weeks period. Such
extreme variability is probably revealed due to the relative proximity
of the source and the exceptionally dense X-ray and radio coverage.
At present there is no clear simple relation between peaks in the radio
flux and the events in X-rays (i.e., in the accretion flow). This is most
likely because (i) the jet behaviour is more complex than previously
anticipated (Fender et al. in prep), and (ii) the effects of the strongly
variable absorption described above makes it very difficult to recover
the source intrinsic (i.e. accretion-driven) variations.
The times when a few ejection events occurred have so far
been inferred based on the modelling10 of a short-exposure (∼ 4
hours) set of radio and sub-millimetre observations taken with the
Very Large Array, the Sub-millimetre Array and the James Clerk
Maxwell Telescope (see Tetarenko et al. 2017), which unfortunately
only marginally overlap with our Swift/XRT data. The radio and
sub-millimetre light curves display extraordinary flaring activity,
that can be ascribed to eight different discrete bi-polar ejections
(indicated by red arrows in Fig. 2), of which only two occur when
Swift /XRT was observing the source (spectra 470 and 484). The
results obtained by Tetarenko et al. 2017 show that even an extensive
multi-band modelling of radio and sub-mm light curves do not allow
to draw a clear one-to-one association between ejection events and
radio/X-ray flares.
Comparing the AMI radio light curve in Fig. 2, we note that
the largest flare observed in the hard X-rays (starting approximately
at MJD 57199 and clearly visible in the INTEGRAL/IBIS-ISGRI
light curve, see Fig. 2, top panel) is characterised by a higher
amplitude and a longer duration with respect to all the other flares
seen by INTEGRAL. Such an X-ray flare might be associated to
a major radio flaring event, starting at ≈ MJD 57198 and likely
peaking around MJD 57198.5. Swift/XRT data simultaneous with
the INTEGRAL /IBIS-ISGRI data taken during such an X-ray flare
(spectra 941-968 in Fig. 2 and Fig. 4) show that the source intrinsic
flux is extremely high, while the local absorption has dropped to
values consistent with zero (except in three spectra). While it might
be possible that these phenomena are related and that a strong radio
ejection associated with the major radio flare has “cleared out” the
local absorber from the vicinity of the source, we would like to
stress that the poor overlap between the Swift/XRT and radio data
makes any association between the X-ray and the radio behaviour
very uncertain. While there is a significantly better overlap between
10 To date, the ejection times based on the detection of resolved ballistic
ejecta have not been reported.
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the INTEGRAL data and the AMI data, a detailed comparison of
such datasets is beyond the scope of this work and will be presented
elsewhere (Fender et al. in prep).
4.1.4 The emission lines and the absorber
Our spectral analysis revealed the presence of an emission line in
∼10% of our spectra. When detected, this line is narrow (i.e. not
resolved by Swift/XRT) and therefore likely produced far away from
the central black hole, as already suggested by King et al. (2015) and
Motta et al. (2017) based on the data from the June 2015 outburst,
and by Oosterbroek et al. (1997) based on the Ginga data from the
1989 outburst. Our findings show that the detected line corresponds
to the iron-Kα transition, and allow us to exclude its association
with transitions of iron in different ionisation states. Our results
also indicate that the ionization state of the material where the line
originates is most of the time moderate to low and thus it is not
enough to produce significant effects in the Swift/XRT spectra.
The iron-Kα line is observed only at phases of high column
density, which suggests that the line might be produced in the same
material that is causing absorption. This is particularly interesting
considering the fact that the iron-Kα line shows significant blue
and sometimes red shifts (up to 7.2 keV and down to 6.2 keV,
respectively). This is a clear indication of the presence of an outflow,
where the blue shift corresponds to material launched in the direction
of the observer and the red-shift to material launched away from it.
In this context, the outflowing material would be therefore directly
responsible for the dramatic, variable absorption observed in the
data described above.
Since the orbital (disk) inclination of the source is known
(i ≈ 67◦), the blue and red shifts of the line can be used to obtain
an estimate of the outflow velocity and of the outflow launch angle
with respect to the line of sight. For simplicity, we assume that
the outflow is launched at a constant angle with respect to the disk
plane, at a constant velocity, and that the maximum blue and red
shifts of the line correspond to the maximum projected outflow
velocities with respect to the line of sight towards and away from
the observer, respectively. We obtained an upper limit to the outflow
velocity of 0.1 c, slower than the outflow velocity of the ejecta
observed in radio (Miller-Jones in prep.). We also obtained an upper
limit to the outflow launching angle of 35◦ from the disk plane.
This implies that our line of sight passes straight through the slim
disk/outflow, explaining the dramatic effects of the absorber on the
source emission. The fact that the iron-Kα line appears preferentially
blue-shifted rather than red shifted is therefore a consequence of the
relative inclination of the source with respect to the line of sight.
Such a neutral, clumpy and variable outflow has never been
observed with such clarity in any other BHB in outburst. The only
BHB that has temporarily shown a limited increase in the local
column density following a significant increase in the mass accretion
rate is GRO J1655-40, which crossed the Ultra-Luminous state in
both its 1995 and 2005 outbursts. During such high-luminosity
events the source might have produced a neutral outflow from its
inner accretion flow (Kalemci et al. 2016) that temporarily affected
the source spectra with visible absorption features.
4.2 The source intrinsic emission
4.2.1 The slim disk
In order to be able to launch a non-homogeneous outflow the ac-
cretion flow must be thick and sustained by strong radiation forces
developed as a consequence of high (super-Eddington) accretion
rates, forming a so-called slim disk (Abramowicz et al. 1988). The
outflow launch angle that we inferred above therefore sets an upper
limit to the slim disk half-opening angle as well. A thick flow half-
opening angle of < 35◦ is consistent with the half-opening angle
found in MHD simulations of BHs accreting in a super-Eddington
regime (e.g. Takeuchi et al. 2013), which can be as large as .80◦ at
extreme accretion rates.
The radiation pressure is thought becomes important in the
inner region of the accretion flow, determining the structure of the
slim disk. Assuming that the accretion rate is close to or larger
than the Eddington accretion rate, radiation pressure is expected to
exceed gas pressure for disk radii smaller than∼108 cm (Frank et al.
2002, eq. 5.57) which corresponds to ∼102 Rg for the case of V404
Cyg. This should roughly correspond to the radial extent of the slim
disk (see Fig. 8). Assuming that the outflow velocity is at least equal
to the escape velocity from the BH at the clump distance, we can
obtain an estimate of the clump distance from the BH, which is also
of the order of 102 Rg. This supports the hypothesis that the clumpy
outflow is indeed produced by the slim disk.
As the disk puffs up, it likely blocks a large fraction of the
direct X-rays from the very central part of the accretion flow. How-
ever, as shown by Motta et al. (2017), such radiation is scattered
through the clumpy absorber surrounding the source. Therefore, the
scattered radiation – together with a small fraction of unabsorbed
direct radiation – might be able to illuminate the outer disk, possibly
triggering the radiation or thermally driven X-ray winds detected
in the X-rays (King et al. 2015), and launched at . 105 Rg from
the central black hole. At the same time, given the high accretion
rates expected in the accretion flow, the outer walls of the thick disk
are likely to become very UV bright (Poutanen et al. 2007), simi-
larly to what is seen in certain ULXs observed at high inclination
(Kaaret et al. 2010). Such strong UV radiation could illuminate the
outer disk, perhaps contributing to the formation of the radiation or
line driven neutral winds observed at optical wavelengths (Mun˜oz-
Darias et al. 2016), launched at ∼105 Rg from the BH (see Fig. 8).
In this scenario, a stratification in the ionization state of the outflow
(higher towards the central part of the system and lower further out)
would explain both the X-ray wind and the optical wind, with the
ionized X-ray wind smoothly changing into the cooler optical wind
for increasing launch radii. The data currently do not allow us to
exclude whether other sources of radiation – such as hard emission
originating a few to tens ofRg above the accretion disk, e.g. in a jet –
could be responsible for, or contribute to, the outer disk illumination.
4.2.2 The source spectrum
The spectral slope versus flux changes observed in the Swift/XRT
data from V404 Cyg do not reflect the typical softer-when-brighter
behaviour of other BHBs, where the increase in flux systematically
corresponds to a constant or increasing photon index. Such character-
istic trends are recognised to give rise to the well-known Q-shaped
pattern in the HID (Homan et al. 2001) of many BHBs. In V404 Cyg,
instead, most of the increments in flux correspond to spectral harden-
ing, where the photon index drops to values significantly lower than
those expected for a Compton spectrum (Γ ∼ 1.4) and sometimes
even consistent with zero. Our results show that such extremely hard
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spectra are likely significantly affected by reflection/reprocessing,
and could be at times explained by reflection/scattering dominated
emission (see also Motta et al. 2017).
The unusual relation between photon index and flux observed in
V404 Cyg could be ascribed to the fact that the inner accretion flow
does not match the standard Shakura-Sunyaev thin disk typically
observed in BHBs (Shakura & Sunyaev 1973). As noted above,
the inner accretion flow most likely takes the form of a slim disk –
whose spectrum is harder than that of a standard thin disk – inserted
in a peculiar framework where a cold, dense outflow is launched
by the slim disk itself. It is particularly noteworthy that all the
cases of spectral hardening accompanied by an increase in flux,
also correspond to a drop in column density and/or decrease in
partial covering of the absorber. This correlation suggests that the
photon index resulting from our spectral fits might not reflect the
intrinsic spectral slope of the X-ray source. Rather it describes
a complex spectral shape resulting from the peculiar geometric
configuration of the system, further complicated by the narrow
energy range of the Swift/XRT. The photon index values from our fits
must therefore be interpreted as phenomenological/apparent ones,
and do not necessarily reflect the spectral slope of the intrinsic source
spectrum. This might explain the difference between the fairly hard
spectra seen from V404 Cyg and the very steep (Γ ∼ 3− 5) spectra
seen from GRO J1655-40 during its hyper-soft state (see, e.g. Uttley
& Klein-Wolt 2015, Shidatsu et al. 2016, Neilsen et al. 2016), which
has been interpreted as the result of the emission from a slim disk,
surrounded by a Compton-thick, fully ionized wind. It must be
noted, however, that while the outflow from the inner disk of V404
Cyg is only mildly ionised (see Sec. 3.3.4 and King et al. 2015), that
from GRO J1655-40 was, instead, completely ionized. Similarly,
while the emission from V404 Cyg was at times completely or
almost completely dominated by a strong scattering spectrum (see
Motta et al. 2017 and Sa´nchez-Ferna´ndez et al. 2017), reflection
was apparently absent in the hyper-soft spectra from GRO J1655-40.
These fundamental differences between the two sources are probably
at the base of their remarkably different observed spectra.
In the slim disk scenario applied to V404 Cyg, the intense,
relatively soft X-ray emission produced in the innermost regions
of the accretion flow (i.e. in the last few Rg, blue fraction of the
accretion flow at∼10 Rg from the black hole in Fig. 8), comes from
a region relatively small compared to the inner regions of the slim
disk (cyan fraction of the slim disk in Fig. 8). The latter is expected
to produce harder intrinsic emission and is responsible for significant
radiation reprocessing, giving rise to very hard emission (see Motta
et al. 2017). As a result, while the innermost regions of the accretion
flow would remain almost always and almost completely hidden
behind the inflated disk, the walls of the slim disk would be easily
revealed to the observer any time clumps of dense matter move
temporarily away from the line of sight. This would result in a
significant relative increase of hard flux with respect to the soft flux,
and therefore in an apparent hardening of the spectrum and in an
overall increase in flux. This configuration would explain why some
of the spectra of our sample show an extremely hard apparent photon
index, and also why only very few of the spectra appear softer then
Γ ∼ 2.4. Similarly, this configuration also explains why our spectra
never show the presence of a soft excess that could be interpreted as
disk-blackbody emission, even when the local absorption is so low as
to be negligible (see Cabanac et al. 2009). Past works (Oosterbroek
et al. 1996) reported the detection of a short-lived disk component
in the Ginga data collected during the 1989 outburst of V404 Cyg.
However, as noted already by Motta et al. (2017), it is possible that
such soft emission is in reality related to the soft emission from a
dust scattering halo forming around the source, which could not be
disentangled from the source emission because of the much more
limited spatial information from Ginga/LAC.
Radhika et al. (2016) recently reported the detection of a fairly
strong disk component in the same Swift data-sets that we are con-
sidering here, at odds with what we report in this work. However,
we note that the treatment of the dust scattering halo adopted by
Radhika et al. (2016) differs from ours. We limited to the minimum
the possible contamination of the source emission by shrinking the
extraction region to a small circle when the dust scattering halo was
affecting the source, and used a background spectrum of a clean sky
region (see Appendix A, Sec. A2). In contrast, Radhika et al. (2016)
used the dust scattering halo spectra as background spectra where
the halo was present around the source. This method could result
in a over-correction or in an inadequate correction of the source
spectrum, as the dust scattering halo brightness density is not radi-
ally uniform with respect to the central source (the dust scattering
halo is formed by concentric rings with different intensities, see
Beardmore et al. 2016) and could affect very differently the source
and the sky regions around it. We also note that Radhika et al. (2016)
claimed that partial covering in the absorber local to the source is
only needed at the times where the iron-K-α line is visible in the
spectra, while we found that partial covering is needed in a large
fraction of our spectra. A more detailed comparison with these re-
sults is beyond the scope of this work, which is mostly focussed on
the spectral variability related to absorption local to the source.
5 SUMMARY AND CONCLUSIONS
During its 2015 outburst the black hole binary V404 Cyg showed
highly variable emission that reached extreme fluxes. We analysed
the Swift/XRT data from the most active phase of the outburst and
performed time resolved spectroscopy. Our results show that:
• The source is surrounded by a layer of high density, non-
homogeneous, variable absorbing material local to it that heavily
affects the source spectral shape and flux.
• The largest variations in flux can be ascribed to dramatic
changes in the absorber. In particular, the largest flares seen from
the source correspond to significant drops in column density and
covering of the absorber.
• A narrow iron-Kα line is observed only in those spectra that
show features caused by high column density material heavily ab-
sorbing the source emission.
• The iron line is significantly blue-shifted, and sometimes red-
shifted, indicating the presence of a relatively fast neutral (or only
mildly ionized) outflow. The characteristics of the iron line energy
distribution allow us to obtain an upper limit to the X-ray cold
outflow launch angle (.35◦) and velocity (voutflow . 0.1 c).
• The photon index variations as a function of the source flux
do not follow the expected softer-when-brighter trend typically ob-
served in other BH binaries. The source shows instead significant
spectral hardening for increasing fluxes and vice versa. Such varia-
tions also appear to be correlated with the changes in the absorber.
• The data never showed the presence of soft emission that could
be interpreted as a disk-blackbody spectrum, even at times where
the absorber local to the source had negligible column density.
Based on these findings, we conclude that:
• The inner part of the accretion flow in V404 Cyg is likely a
slim disk with half-opening angle ∼35◦, inflated because of strong
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radiative forces arising from the high, possibly (super-)Eddington
accretion rates. Such a slim disk becomes therefore unstable and is
able to launch a cold, clumpy outflow at a speed ∼0.1 c, responsible
both for the strong absorption and reflection features in the spectra,
and whose variations introduce the remarkable spectral and flux
changes observed from the source. This kind of outflow has never
been observed before with such clarity in any accreting BHB.
• The changes in the spectral slope of the Swift spectra are a
consequence of the changes in the variable absorber covering the
source. The Swift data alone do not allow us to distinguish be-
tween accretion-driven spectral and flux changes and the effects
of covering-uncovering of the bright central source. Therefore we
cannot exclude that part of the variability of the source is accretion-
driven, similarly to what is seen in GRS 1915+105 or other more
well-behaved BH binaries (such as GX 339-4).
• Given the geometric configuration of the system, the intrinsic
flux of the source could be at times or even constantly exceeding
the Eddington luminosity, while being completely or partially ob-
scured by non-homogeneous material with column densities in the
Compton-thick regime or slightly below it. This implies that the
observed flux might differ even by several orders of magnitude from
the source intrinsic flux.
• V404 Cyg is able to produce simultaneously different types of
outflows that are normally considered mutually exclusive in other
black-hole binaries. Such outflows are complex, as they include: (i)
a cold, dense and non-homogeneous outflow from the inner part of
the accretion flow, observed in soft X-rays; (ii) a steady compact jet
and relativistic ejections, both of which are observed in the radio;
(iii) a wind from the outer disk, visible in X-rays through narrow
line X-ray spectroscopy, and in the optical, where the high opening
angle leads to extremely marked P-Cygni profiles.
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APPENDIX A: DATA REDUCTION AND TREATMENT OF
THE DUST SCATTERING HALO
A1 Data reduction: definition of the extraction regions.
Given the extreme brightness of the source, the XRT data are
often significantly affected by photon pile-up (corresponding
to a nominal count rate threshold of about 150 counts s−1),
which is known to induce distortion of the XRT spec-
tral response (see http://www.swift.ac.uk/analysis/xrt/pileup.php).
High photo-electric absorption can also cause distortion of
the spectral shape at low energies (i.e. below 1 keV, see
http://www.swift.ac.uk/analysis/xrt/digest cal.php). For these rea-
sons we treated our data as follows.
First, following the XRT reduction threads
(http://www.swift.ac.uk/analysis/xrt/#abs) we extracted
only grade 0 events, which helps minimise the effects of
pile-up when the source is bright (> 150 counts s−1, see
http://www.swift.ac.uk/xrt curves/cppdocs.php) and reduces the
spectral distortion encountered in WT mode below 1.0 keV when
the spectra are highly absorbed. Furthermore, we ignored data
below 0.6 keV as at such low energies the spectra can be dominated
by strong redistribution effects associated with the WT readout
process, as well as trailing charge released from deep charge traps
in the CCD on time-scales comparable to the WT readout time,
which results in additional low energy events.
We extracted events in circular regions centred at the source
position, with variable inner radius to mitigate pile-up, and outer
radius fixed at 10, 20 or 30 pixels to adapt the photons extraction
to the source properties. In order to reduce the effects of pile-up to
the minimum, we varied the inner radius of the extraction region
until the spectral shape was no longer varying as a function of the in-
ner radius and the count rate was lower than ∼150 counts s−1.
The outer radius had been determined based on the brightness
of the source and depending on the presence of a dust scattering
halo around it, which could contaminate the source emission (see
Sec. A2). In general we used a 20 pixels outer radius extraction
region. However, when the source was very bright, we extracted
the source photons in a annular region with outer radius 30 pixels
(see http://www.swift.ac.uk/analysis/xrt/spectra.php). Instead, in the
c© 0000 RAS, MNRAS 000, 000–000
20 S. Motta et al.
cases when the presence of a dust scattering halo was likely contami-
nating the source (see Sec. A2 for details), we shrank the outer radius
of the extraction region to 10 pixels, in order to minimize the halo
contamination. In Tab. 1 we reported, for each observation/snapshot,
the outer radius of the extraction region.
We divided each event file thus obtained into time segments of
variable duration. Then, we determined the duration of each segment
by requiring that each segment contained about 1600 counts after
mitigating the pile-up. We set the minimum exposure to 16s, while
the maximum exposure we obtained was of 224s. These require-
ments ensure that all the spectra have roughly constant overall S/N
and that they will be well described by the XRT response calibration
files. This choice has been made in order to obtain a good compro-
mise between S/N and sensitivity to the spectral variations – that
can occur on time-scales of seconds (see Oosterbroek et al. 1996
and Z˙ycki et al. 1999) – and guarantees good sensitivity to fairly
fast spectral changes, without sacrificing S/N.
A2 Dust scattering halo contamination effects
Vasilopoulos & Petropoulou (2016), Heinz et al. (2016) and Beard-
more et al. (2016) reported the presence of a dust scattering halo in
the regions close to the source during most of the June 2016 outburst.
As shown by these authors, this component is variable on a time-
scale significantly longer than the one over which the source itself
varies, and can be considered constant during the average exposure
of one Swift/XRT snapshot (about 1ks), and hence also during the
spectra of our sample.
As mentioned in Sec. 2.2, in this work we only consider WT
mode observations, which did not allow us to produce a proper
image of the source and of the dust scattering halo. However, we
could still check if the dust scattering halo is present and whether it
is affecting the source by extracting the 1-D WT detector profiles
(see Beardmore et al. 2016), calculated over the restricted energy
band of 0.7–3.0 keV, chosen to emphasize the soft dust scattering
halo emission over that of the harder central source.
In order to determine the role of the halo emission in the
overall emission from the source, we first extracted the observed
counts/s/column rate 1-D profiles for each snapshot of each observa-
tions considered in this work. Then, we extracted the source counts
in a circular region with radius 20 pixels (0.786 arcmin, the core
region) and the halo counts in an annular region with inner and
outer radius 25 and 50 pixels (the wing region), respectively (see
in Fig. A1 a few examples). As the CCD bad-columns can have a
noticeable effect on the observed central source rates, we corrected
them by interpolating the counts across the bad-columns to fill in
the gaps. Then we constructed the ratio between the core and the
wing count rates (the wing-to-core ratios, w/c), shown in Fig. A2.
By comparing the 1-D psf profiles and the core-to-wing ratios, we
determined that when the ratios exceeded 0.15, the dust scattering
halo was likely affecting the source. For this reason, in snapshots
with core-to-wing ratios larger than 0.15, we extracted the source
spectrum in a circular region of only 10 pixels around the source,
in order to minimize the halo contamination to the source emission.
We note that the halo is typically dominating the field when the
source is particularly faint, therefore extracting the spectrum in a
small region is appropriate.
We needed to adopt the above strategy since the halo spectrum
cannot be systematically fitted together with each spectrum of our
sample as in, e.g., Motta et al. (2017). This is due to the limited S/N
of our spectra, which in many cases would have not allowed us to
constrain the parameters of a model including a component describ-
ing the halo as well. However, in order to reduce to the minimum the
possible contamination from the dust halo, instead of extracting a
background spectrum for each segment from the observation where
it comes from, we extracted the background from a routine WT
mode calibration observation of RXJ1856.4–3754 performed on
2015-Mar (exposure 17.8 ks, Beardmore et al. 2016). We selected
an annular region with inner and outer radii fixed at 80 and 120
pixels (3.2 and 4.8 arcmin, respectively) away from the centre of the
field (ra, dec = 284.17, -37.91). We note, however, that the V404
Cyg count rate almost always exceeds 10 counts s−1 in our data set,
thus subtracting the background counts has very little effect on the
final spectrum (see http://www.swift.ac.uk/analysis/xrt/), since the
final background spectrum count rate in the 0.6-10 keV energy band
is 0.25 counts/s in a typical 20 pixel radius extraction region.
APPENDIX B: SPECTRAL MODELLING INCLUDING
REFLECTION
For the sake of comparison and completeness, we report in Fig.
B1 the results of the spectral fits obtained by fitting to the data an
absorbed power law model convolved with a reflection component
(REFLECT). The figure shows that in a few cases (e.g., in spectra 650-
800) such spectral modelling seems to provide the best description
of the data, even though the reflection component can rarely be
constrained. The panels shown in Fig. B1 are the same as in Fig. 4
save for the second panel from the top, where we show the evolution
of the reflection factor.
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Figure A1. Examples of the PSF 1D profiles extracted from observation 00031403049 snapshot 2, 00031403057 snapshot 2, 00031403049 snapshot 5,
00033832002 snapshot 1. The legend in each plot contains the Observation ID, the orbit (snapshot) number, the time since BAT trigger (MJD 57188.7727) and
the wind-to-core ratio (see the text for details). The vertical lines mark the 10 (dotted), 20 (dotted-dashed) and 30 (dashed) pixels distance from the central
source.
Figure A2. PSF wing/core ratio, where the wing region is an annular region
with radii 0.98 and 1.96 arcmin from the source position, respectively, while
the core region is a circular region with radius 0.79 arcmin, centred on the
source position. The wing and core count rates have been extracted in the
0.7–3.0 keV energy band in order to maximize the contribution of the halo
with respect to that of the source.
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Parameter evolution from a partially-covered, absorbed power law convolved with a reflection component.
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Figure B1. Light-curve and parameter curves from our spectral fits. In this case, spectra were modelled with a partially-covered absorbed power law convoluted
with a reflection kernel (REFLECT). All parameters are plotted as a function of spectrum number instead of time to facilitate parameter inspection. Points are
colour coded as a function of Flux (in units of 108 erg/cm2/s) corrected for the ISM absorption, shown in the first panel from the top. Other panels show:
reflection fraction; spectral photon index; intrinsic column density; partial covering fraction; χ2ν . The solid red line marks photon index equal 1 in the photon
index panel, column density equal 1023cm−2 (dashed) and column density equal to the IMS value (dotted) in the column density panel, and χ2ν equal 1 in the
χ2ν panels. As in Fig. 4, we only plotted the points indicating covering fractions less than 1 in the partial covering fraction panel, since covering fraction equal 1
effectively means no covering fraction (uniform covering). The grey points show the parameter evolution obtained leaving the covering fraction and the local
column density always free to vary, while the coloured points show the results of the fits to the spectra of our sample after applying the BIC test in order to
determine whether the partial covering was statistically required (see Sec. 2.2 for details). A colour version of this Figure is available on-line.
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